Clear differences in the phase noise performance of a 10 MHz MEMS-based micromechanical resonator oscillator have been measured using sustaining circuits with and without automatic-level control (ALC), and with differing mechanisms for ALC. In particular, low output power oscillators referenced to high-Q clamped-clamped beam µmechanical resonators exhibit an unexpected 1/f 3 phase noise component without ALC, a 1/f 5 phase noise component when an ALC circuit based on resonator dc-bias adjustment is used, and finally, removal of these components when an ALC circuit based on sustaining amplifier gain control is used, in which case the expected 1/f 2 phase noise component is all that remains. That ALC is able to remove the 1/f 3 phase noise seen in non-ALC'ed oscillators suggests that this noise component emanates primarily from nonlinearity in the voltage-to-force capacitive transducer, either through direct aliasing of amplifier 1/f noise, or through instabilities introduced by spring softening (i.e., Duffing) phenomena.
I. INTRODUCTION
Due to their great potential for direct integration or bonded merging with transistors onto single chips [1] - [4] , electrostatically transduced vibrating micromechanical ("µmechanical") resonators have become increasingly attractive as frequencysetting elements in precision reference oscillators for communication applications. In particular, phase noise performance close to the requirements of the GSM cellular telephone standard has recently been demonstrated via an oscillator referenced to an extensional-mode single-crystal silicon vibrating bar with a Q of 200,000, constructed using an SOI process with a thick device layer [5] . Although the resonator used in [5] lacked adequate temperature stability, another resonator based on surface micromachined polysilicon structural material was recently demonstrated with a temperature coefficient as low as −0.24 ppm/ o C [6] , a Q of 4,000 at 10 MHz, and a proven integrability with transistor electronics [1] [4] . However, an oscillator based on this polysilicon resonator exhibited a 1/f 3 phase noise component farther from the carrier than expected that prevented the oscillator from achieving GSMlike phase noise specifications [7] .
Guided by a theoretical prediction that the observed 1/f 3 phase noise component arises from resonator nonlinearity, this work attempts to remove 1/f 3 phase noise by limiting the vibration amplitude of a polysilicon micromechanical resonator tank element (similar to the one used in [6] ) in order to keep it in a linear operating region. In doing so, clear differences in the phase noise performance of a 10 MHz MEMSbased micromechanical resonator oscillator have been measured using sustaining circuits with and without automaticlevel control (ALC), and with differing mechanisms for ALC. In particular, low output power oscillators referenced to high-Q clamped-clamped beam µmechanical resonators exhibit an unexpected 1/f 3 phase noise component when ALC is not used, a 1/f 5 phase noise component when an ALC circuit based on resonator dc-bias adjustment is used, and finally, removal of these components when an ALC circuit based on sustaining amplifier gain control is used, in which case the expected 1/f 2 phase noise component is all that remains.
This paper details the design and implementation of the described automatic level controlled polysilicon micromechanical resonator oscillators utilizing series oscillator circuit topologies and off-chip active circuitry. Section II begins with modeling of the micromechanical resonator frequency-setting tank element, specifying its equivalent circuit model and deriving expressions that govern its power handling ability. Series oscillator topologies and ALC circuits are then presented in Section III and Section IV, along with theoretical models for the expected phase noise performance of these circuits. The paper then proceeds with experimental evaluations for each ALC oscillator design from Section V, culminating in a phase noise measurement proving that ALC can effectively remove 1/f 3 phase noise components seen in non-ALC'ed oscillators. Figure 1 presents the perspective-view schematic of the one-port clamped-clamped beam ("CC-beam") vibrating micromechanical resonator used for this work, identifying key features and showing a bias and excitation configuration suitable for use in a series oscillator topology. As shown, this device is driven electrostatically via a combination of a dcbias V P applied through an inductor to the beam structure, and 
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an ac excitation v i applied to its input electrode. For values of V P >> v i , this input voltage configuration results in an ac force at the frequency of v i given (in phasor form) by (1) where V i is the phasor input voltage (i.e., the voltage amplitude in this case), ε o is the permittivity in vacuum, dimensional parameters are defined in Fig. 1 , and ∂C/∂x is the integrated change in electrode-to-resonator overlap capacitance per unit displacement, given by (referring to Fig. 2 ) (2) where k r (y) is stiffness as a function of beam location y (to be defined later), k re is the effective lumped stiffness at the beam location centered over the electrode, d(y) is the gap spacing as a function y, which is not constant due to beam bending under the dc-bias electrostatic load, L e1 and L e2 are the y locations of the left and right edges of the electrode, and When the frequency of v i matches the resonance frequency of the clamped-clamped beam, the beam is then driven into resonance with a resonance vibration amplitude given by (4) where Q is the quality factor of resonator. Once in motion, a dc-biased (by V P ) time-varying capacitor is generated between the electrode and conductive resonator beam that sources a current through the device given by (5)
A. Resonance Frequency
To account for a wide range of length-to-width and lengthto-thickness ratios, the beam dimensions for the clampedclamped boundary condition of Fig. 1 that yield a specified resonance frequency are best found by solving the Timoshenko equations [8] ( 6) where E and ρ are the Young's modulus and density of the beam material, respectively, and , ,
where ω nom is the nominal radian resonance frequency (=2πf nom ) of the clamped-clamped beam with no dc-bias V P applied, hence no frequency pulling due to electrical spring stiffness [10] ; I r is the bending moment of inertia; G and ν are the shear modulus of elasticity and Poisson's ratio, respectively, of the structural material; κ is the shear-deflection coefficient; and all other variables and axis definitions are indicated in Fig. 1 . Again, the variable f nom represents the mechanical resonance frequency for the case of zero DC bias (i.e., V P =0) applied to the resonator body. As described in the past literature [10] [9], the resonance frequency of a capacitively-transduced beam is a function of the DC-bias voltage V P applied to the resonator body, which effectively introduces an electrical spring stiffness that subtracts from the mechanical stiffness of the beam. The resonance frequency f o of a clamped-clamped beam device including the effect of DC-bias-derived electrical stiffness is given by (9) where <k e /k m > is a parameter representing the effective electrical-to-mechanical stiffness ratio integrated over the electrodes, given by (10) where k m (y) is the purely mechanical stiffness as a function of location y on the µresonator beam [9] , given by (11) where m r (y) is the equivalent mass at a location y, to be given later. Note that k m (y) differs from k r (y) in that the latter (to be defined shortly) includes the effect of dc-bias V P .
B. Electrical Equivalent Circuit
To facilitate transistor-level oscillator design, the electrical performance of a one-port vibrating micromechanical resonator can be modeled by an equivalent LCR circuit, as shown in Fig. 3 . Equations for the element values in this circuit have already been developed in [9] and are summarized here (with reference to Fig. 2 ) for reader convenience: Fig. 2 : Resonator cross-sectional schematic for frequencypulling and impedance analysis. 
Clamped-Clamped Beam Electrode
where k re and m re are the equivalent stiffness and mass at the centers of the electrodes obtained by evaluating [9] ,
at y's corresponding the centers of the electrodes; and η e is the electromechanical coupling factor, given by .
( 1 4 ) Table I summarizes the LCR equivalent circuit elements for the specific clamped-clamped beam micromechanical resonator design used in this work at the two dc-bias levels used. Compared with the R x =15 Ω, L x =10 mH, and C x =26 fF typically exhibited by quartz crystals, the element values for this 10 MHz resonator are quite large and will impose different requirements on the circuits used to sustain their oscillation.
III. OSCILLATOR DESIGN
For ease in construction (due to the availability of a readily usable off-chip sustaining amplifier), and for good noise performance and stability, a series resonant oscillator configuration [1] [11] is used in this work. Figure 4 presents the basic series type ALC oscillator topology utilized to instigate, sustain, and limit oscillation. Here, the micromechanical resonator is embedded in a positive feedback loop with a transresistance amplifier that possesses sufficient gain to initiate and sustain oscillation. Since the micromechanical resonator used for this work is a one-port device (as opposed to the two port devices used in a previous lower frequency design [1] ), a bias tee is now required to allow the resonator structure to both accept a dc-bias voltage V P and simultaneously serve as the output electrode delivering current to the input port of the sustaining transimpedance amplifier.
Ignoring the ALC loops for now, the two basic requirements for start-up of oscillation in this series oscillator configuration are:
(1) The sustaining amplifier transimpedance gain R amp must be larger than the total series resistance in the loop, or (15) (2) The total phase shift around the positive feedback loop must be 0 o (or 360 o ). For best stability, the second of the above criteria is best satisfied when the phase shift through the micromechanical resonator is as close to 0 o as possible, since this is where its phase versus frequency curve has its greatest slope, and is thus the point where the resonator can best suppress frequency instabilities caused by phase shifts (due to noise, temperature shifts, etc. ...) across the sustaining amplifier. The above in turn implies that best stability is achieved when the phase shift across the sustaining amplifier at the oscillation frequency is also as close to 0 o as possible.
A. Oscillator Phase Noise
The phase noise density L{f m } at a given offset frequency f m from the carrier f o of an oscillator can be computed approximately using Leeson's equation [12] ( 16) where f m is the offset from the carrier frequency at which phase noise is being evaluated, k is Boltzmann's constant, F is the noise figure of the sustaining amplifier, and P o is the oscillator output power.
From the first term in (16), the output (or "carrier") power of a given oscillator clearly plays an important role in determining the phase noise performance, especially at large offset frequencies from the carrier, where the noise is not shaped by the Q of the resonator tank element. Thus, the far-from-carrier phase noise performance of an oscillator is a strong function 
of its carrier power, which in turn, is limited by the amount of power its frequency-setting tank element can handle. Normally, this is not an issue for oscillators referenced to quartz crystals and other macroscopic tank elements, for which the output carrier power is often limited not by the tank element, but by the sustaining amplifier circuit. However, due to their tiny size, present micromechanical resonators have a smaller power threshold than their macroscopic counterparts, to the point where now it is the resonator, not the sustaining circuit, that dictates the maximum oscillator carrier power.
A quantitative understanding of which design parameters are most responsible for setting the power handling limits of a clamped-clamped beam micromechanical resonator can be obtained by finding an expression for the power through the device when it vibrates at its maximum amplitude, assumed to be some fraction of the electrode-to-resonator gap spacing , (
where a should < 0.56 for a capacitively driven µmechanical resonator without charge feedback to extend its range.
Inserting (17) into (5), and using the approximation (18) which ignores stiffness and gap spacing variations along the beam length, the expression for the current through a capacitively-transduced clamped-clamped beam micromechanical resonator at maximum vibration amplitude is .
( 1 9 ) Using (19), an expression for the corresponding maximum power through the resonator can be written as
From (20), a larger power handling capability for a capacitively-transduced clamped-clamped beam micromechanical resonator can be attained by increasing in its frequency, stiffness, and electrode-to-resonator gap spacing, or decreasing its Q. The latter requirement obviously contradicts the requirement for high Q for good close-to-carrier phase noise, and indicates that Q can be traded-off between close-to-carrier and far-from-carrier phase noise needs. B. 1/f 3 Phase Noise Without automatic level control (ALC), the amplitude of an oscillator limits by the action of nonlinearity in either its sustaining amplifier circuit or its resonator tank. As previously mentioned, micromechanical resonator oscillators differ from the vast majority of macroscopic resonator oscillators in that the resonator, not the sustaining amplifier, provides the nonlinearity that limits the oscillation amplitude in a non-ALC'ed oscillator. Unfortunately, as described in [7] , limiting via resonator nonlinearity generates an unexpected 1/f 3 phase noise component that has so far prevented micromechanical resonator oscillators from meeting the phase noise requirements of today's cellular communication standards.
A quantitative understanding of the origins of 1/f 3 phase noise in a non-ALC'ed micromechanical resonator oscillator can be obtained by considering one possible mechanism, where 1/f noise in the sustaining electronics is aliased into the oscillator output band by nonlinearity in the resonator's capacitive transducer. An analytical derivation that assumes this mechanism yields the following expression for phase noise [7] (21) where Q l is the loaded quality factor of the resonator, K 1 is the 1/f noise constant of the bipolar transistor assumed to be at the input of the sustaining transimpedance amplifier (which is the case for the NE5211), I B is the base current of this input bipolar transistor, and R s = R x + R i + R o . This expression will be used later in search of the origins of 1/f 3 phase noise.
IV. AUTOMATIC LEVEL CONTROL
To investigate and remove the described 1/f 3 phase noise phenomenon, this work uses automatic level control to avoid limiting via resonator nonlinearity and insure that the resonator operates in a linear region. The basic method for ALC used here entails measuring the amplitude of oscillation, comparing it with a reference amplitude, then feeding back a control signal (proportional to the difference between the amplitude and reference) to elements of the oscillator circuit that can regulate its oscillation amplitude. Two different regulating mechanisms are explored here:
(1) The series motional resistance R x of the resonator is controlled by adjusting the dc-bias V P applied to the micromechanical resonator-a method to be referred to as "V P -ALC" in this paper; and (2) the gain of the sustaining amplifier is controlled by adjusting the value of a gain-setting element or variable in the sustaining amplifier-a method to be referred to as "gain-ALC" in this paper. Specific implementations for each of the above methods are now detailed. Figure 5 presents the implementation schematic for the V P -ALC'ed µmechanical resonator series oscillator circuit. Here, an NE5211 single-ended input to differential output transimpedance amplifier provides a transresistance gain of 14 kΩ to instigate and sustain oscillation. The oscillation voltage amplitude (or µresonator vibration amplitude) is controlled by automatically adjusting the dc-bias V P applied to the resonator, and changing its series motional resistance R x until the oscillation voltage amplitude matches or is proportional to a preset voltage V limit .
A. V P -ALC Oscillator
Because the output voltage of the base oscillator circuit (taken from one output of the NE5211) is on the order of only 3 mV with ALC engaged, a low noise amplifier (LNA) is used to boost the output signal to v oLNA before sending it to measurement instrumentation and to the ALC loop. Once directed to the ALC loop, the oscillation output voltage v oLNA is halfwave rectified through a super-diode configuration, then low pass filtered by a simple RC circuit, after which, a signal with a dc level V oLNA equal to the peak amplitude of v oLNA results. This dc level is then compared with a preset voltage V limit , and the difference between them weighted and subtracted (in magnitude) from the dc voltage V PB in the bias voltage control circuit to generate the V P applied to the µmechanical resonator. Note that the bias voltage controller in Fig. 5 also filters out
any high frequency noise present in V P , preventing this noise from reaching the µmechanical resonator, where it could compromise the frequency stability of the oscillator via electrical stiffness-based frequency pulling [9] [10].
The V P -ALC circuit of Fig. 5 acts by lowering the V P of the micromechanical resonator as the oscillation amplitude builds, increasing its series motional resistance R x in such a way that ,
when V oLNA matches V limit . When (22) is met, the loop gain of the circuit is unity, and the oscillation amplitude ceases to grow, staying locked (by feedback action) at a value given by (23) where A vLNA is the voltage gain of the LNA. Figure 6 presents the implementation schematic for the gain-ALC'ed µmechanical resonator series oscillator circuit. Here, an off-chip implementation using available electronics was again desired, but the NE5211 transimpedance amplifier could no longer be used, since its gain is not easily accessible. Thus, a two-stage amplifier circuit is used instead that combines an SA5223 transresistance amplifier with a differential gain of 125 kΩ, together with a gain-controllable differential second stage amplifier using an AD8056 operational amplifier and resistive feedback to supply an additional gain of 2 or less, for a total gain of 250 kΩ. The gain control mechanism used in the second stage is similar to that in [1] , where the shunt-shunt feedback element consists of a large start-up resistor R 2 in parallel with an MOS resistor MC14007, for which the channel resistance is controllable by adjustment of its gate voltage.
B. Gain-ALC Oscillator
Due to the use of high gain off-chip components to make this board-level oscillator, a 10.7 MHz bandpass filter with a 3.8 MHz bandwidth is also included in the oscillator loop to suppress spurious gain paths that could generate oscillations around stray inductance and capacitance.
Although its implementation is slightly different, the basic mechanism for ALC in the design of Fig. 6 is similar to that for the V P -ALC'ed oscillator of Fig. 5 in that the oscillation amplitude is first sensed via a super-diode-based envelope detector circuit, then compared with a reference voltage V limit to generate the dc signal that feeds back to the gate of MC14007 to control its channel resistance, hence, control the gain of the second stage. The overall circuit is designed so that when the oscillator is first powered on, the ALC circuit delivers a voltage to the gate of MC14007 that is smaller than its threshold voltage, giving it a channel resistance much larger than R 2 . In their parallel configuration, R 2 thus determines the gain of the sustaining circuit during start-up of the oscillator. As the oscillation amplitude grows, the ALC circuit increases MC14007's gate voltage, which lowers its channel resistance, hence lowers the shunt-shunt impedance of the second stage, and thereby reduces the gain of sustaining amplifier. When V oLNA matches V limit , the action of the feedback sets the total transimpedance gain of the loop to ,
at which point the loop gain of the circuit is unity, and the oscillation amplitude stays locked (by feedback) at a value given again by (23).
It should be noted that the gain of the gain-ALC'ed oscillator of Fig. 6 is purposely made quite large in order to accommodate resonators with higher stiffnesses k r and larger Circuit Data: Fig. 5 : Implementation circuit schematic for a micromechanical resonator oscillator using an automatic level control circuit that limits the oscillation amplitude by controlling the dc-bias voltage V P applied to the resonator-referred to as "V P -ALC" in this paper.
v oLNA 
Fig. 6: Implementation circuit schematic for a micromechanical resonator oscillator using an automatic level control circuit that limits the oscillation amplitude by controlling the gain of the sustaining amplifier-referred to as "gain-ALC" in this paper.
Circuit Data:
electrode-to-resonator gap spacings d o , hence higher motional resistances R x 's, which, as shown in Section III, should be capable of achieving better far-from-carrier phase noise due to higher power handling. Table I were fabricated using a small-gapped vertical resonator process similar to that described in [9] . Figure 7 presents the scanning electron micrograph (SEM) of one such resonator, identifying key features and dimensions. Figure 8 presents frequency spectra measured for this resonator under 50 µTorr pressure in a custom-built vacuum chamber and under different values of dcbias, where the dependence of the resonance frequency and output signal level on dc-bias V P are clearly seen, and are consistent with the predictions of Section II. From the measured curves, series motional resistances of 11 kΩ and 53 kΩ are exhibited with V P =12 V and V P =5.5 V, respectively. Table I summarizes the element values for the complete equivalent circuits and other measured parameters for this resonator under these two bias levels.
V. EXPERIMENTAL RESULTS
10-MHz clamped-clamped beam micromechanical resonators designed as summarized in
The oscillator circuits of Figs. 5 and 6 were implemented on printed circuit (pc) boards shaped to allow placement within the custom-built vacuum chamber. Dies containing fabricated clamped-clamped beam µmechanical resonators were glued to these boards over specially grounded regions. Connections between individual devices on each die to appropriate board-level circuits were made via bond wires from die bond pads to board bond pads, all in an effort to minimize interface parasitics. Connections between pc board electronics within the vacuum chamber and external biasing and measurement instrumentation were established via special, sealed electrical feedthroughs designed into the custom vacuum chamber.
A. V P -ALC Oscillator Performance
Because the V P -ALC'ed oscillator possesses only a small amount of transimpedance gain (only 14 kΩ), the series motional resistance R x of the micromechanical resonator used as its tank element must be smaller than 14 kΩ to allow startup of oscillation. To attain a sufficiently small R x , a dc-bias voltage of 12V was needed, at which voltage the resonator takes on the characteristics summarized in the second column of Table I. Figure 9 presents the output signal waveform measured on an oscilloscope for the circuit of Fig. 5 with the resonator V P set at 12V. Here, the measured oscillator output frequency matches the 10.56 MHz measured in Fig. 8 for the V P =12V case, verifying that the micromechanical resonator does indeed set the frequency of the oscillator. Figure 10 presents plots of phase noise density versus frequency offset from the 10.56 MHz carrier, measured using an HP E5500 Phase Noise Measurement system, for the oscilla- The estimated noise curves were generated using (16) with the measured oscillation amplitudes.
1/f 5 noise
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7 of 9 tor of Fig. 5 with and without the V P -ALC circuit hooked up. As shown, when the circuit is operated without ALC, the oscillation voltage amplitude limits via resonator nonlinearity to a value of 53 mV. When allowed to reach this value of amplitude, the far-from-carrier phase noise floor reaches down to −123 dBc/Hz. However, as advertised in Section I, a 1/f 3 phase noise component is seen at offsets closer to the carrier that dominates among noise mechanisms, degrading the phase noise to a value as poor as −74 dBc/Hz at a 1 kHz offset from the carrier.
Once the dc-bias-adjusting ALC is interconnected, the amplitude of the vibrating micromechanical resonator limits such that the oscillation voltage amplitude now limits to only 3 mV, and the 1/f 3 phase noise component disappears-a behavior that seems to support a resonator-nonlinearity-based mechanism for the generation of 1/f 3 phase noise. With the 1/ f 3 phase noise removed, the expected 1/f 2 phase noise component can now be seen at carrier offsets from about 400 Hz to 5 kHz. Using the data from Table I, (16) predicts a phase noise of −91 dBc/Hz at 1 kHz offset, which is very close to the − 97 dBc/Hz measured in Fig. 10 , giving added confidence in (16). In addition, the corner frequency where the 1/f 2 phase and noise floor meet is calculated to be f o /(2Q)= 2.5 kHz, which is also close to the ~2.4 kHz measured in Fig. 10 .
Unfortunately, in the process of removing 1/f 3 noise, the V P -ALC circuit seems to have introduced a new phase noise component for offsets below 400 Hz, which seems to follow a 1/f 5 dependence. The origins of this 1/f 5 phase noise are consistent with a mechanism where 1/f noise at the ALC circuit output superimposes itself on the dc-bias voltage V P applied to the resonator and generates frequency jitter by causing instantaneous shifts in the V P -generated electrical stiffness [9] that contributes to determining the overall resonance frequency of the micromechanical device.
To quantitatively verify this electrical stiffness-based mechanism, the expression for phase noise generated by V P noise can be derived using (9) to be (25) where is the noise spectral density at the output of the V P -generating ALC circuit. As shown in Fig. 11 , which plots the measured ALC output noise spectral density , the noise on the V P signal applied to the resonator goes as 1/f 3 , which when inserted into (25) yields an overall 1/f 5 phase noise component consistent with the data of Fig. 10 . This strongly supports the above electrical stiffness-based mechanism for generation of 1/f 5 phase noise.
B. Gain-ALC Oscillator Performance
As mentioned in Section IV, the gain-ALC oscillator design has several advantages over the V P -ALC, including a substantially higher gain and no direct connection to the frequency-setting micromechanical resonator. As such, the gain-ALC circuit is expected to be able to achieve better far-fromcarrier phase noise (provided a higher power handling resonator with a larger k re and d o is used), and is expected not to generate 1/f 5 phase noise.
For the gain-ALC oscillator design, oscillations start to build up when the micromechanical resonator dc-bias reaches V P =5.5V, which is much lower than the voltage required for the previous V P -ALC circuit, and which corresponds to a resonator R x =53 kΩ. Figures 12(a) and (b) present the oscilloscope waveform and output spectrum, respectively, of this oscillator in steady-state, both measured at the output of the LNA in Fig. 5 . These data show an oscillation frequency that matches the 10.72 MHz of the V P =5.5V curve in Fig. 8 , and a much larger oscillation amplitude of 90 mV that should yield a much improved far-from-carrier phase noise performance. Figure 13 presents the phase noise density spectrum of this Amplitude,
oscillator as measured at the LNA output using an HP E5500 Phase Noise Measurement system, with and without the gain-ALC circuit. With a higher amplitude of oscillation, the farfrom-carrier phase noise density of the gain-ALC'ed oscillator is now −97 dBc/Hz, which is closer to non-ALC'ed value of − 105 dBc/Hz. This performance is several tens of dB short of requirements for cellular communications, and is caused by the extremely bad noise performance of the electronic components making up the sustaining oscillator. (This should be obvious, as the far-from-carrier noise performance of the non-ALC'ed version of this oscillator is many times worse that of the non-ALC'ed version of the V P -ALC circuit.) Improvements in the sustaining amplifier design, combined with the methods for improving far-from-carrier phase noise through resonator design described in Section III, should be able to greatly improve the spectrum of Fig. 13 . Perhaps more important at the present time is that the gain-ALC oscillator circuit completely removes the 1/f 3 phase noise component that plagues the non-ALC'ed version of this oscillator, reducing the phase noise density at 1 kHz offset from the 10.72 MHz carrier down to −85 dBc/Hz. This is also far short of the required −120 dBc/Hz at 1 kHz offset, but again, methods for improving this are available through (20), as discussed in Section III. In particular, the use of a resonator with a higher Q, such as a substrate-isolated free-free beam [14] , and with a larger thickness and transducer gap spacing, should greatly improve the performance seen in Fig. 13 .
It should be noted in passing that scaling-induced noise limitations, such as adsorption-desorption or temperature fluctuation noise, are not problematic for the micro-scale (as opposed to nano-scale) resonators of this work [7] .
VI. ORIGINS OF 1/F 3 PHASE NOISE
The circuits of the previous section not only help to remove the 1/f 3 phase noise that plagued previous non-ALC'ed micromechanical resonator oscillators, they also give clues to the mechanism behind its generation. In particular, the following observations can now be made for the case of oscillators referenced to capacitively-transduced micromechanical resonators:
(1) Since it can be removed by restricting oscillation amplitudes via ALC, 1/f 3 phase noise occurs only for large micromechanical resonator vibration amplitudes. (2) The fact that the non-ALC'ed oscillator of Fig. 6 still exhibits 1/f 3 phase noise even with a 10.7 MHz bandpass filter (BPF) in its positive feedback loop suggests that 1/f 3 phase noise is not derived from 1/f phase noise in the sustaining electronics, which should be removed by the BPF. (3) Furthermore, for the case of the non-ALC'ed oscillator of Fig. 10 , Eq. (21), which assumes an aliased 1/f noise mechanism for 1/f 3 noise generation, yields a phase noise density at 1 kHz offset from the carrier of − 103 dBc/Hz. This undershoots the actual measured noise of −74 dBc/Hz by several orders of magnitude. Although the above observations are helpful in that they disqualify an aliased 1/f noise mechanism from being responsible for the measured 1/f 3 phase noise, they still do not establish a mechanism for this noise component.
A. Duffing As a Mechanism For 1/f 3 Phase Noise?
Interestingly, recent observations seem to tie 1/f 3 phase noise to a spring-softening Duffing nonlinearity generated by a third-order effective electrical stiffness [13] between the electrode and resonator beam that dominates over any thirdorder mechanical stiffness. Quantitatively, when this phenomenon is considered, the force applied to the micromechanical resonator becomes a function of not only its mechanical stiffness k m , but also of an electrical stiffness k e , and can be expressed by [15] (26)
where k m1 and k e1 model the linear mechanical and electrical spring constants, and k m3 and k e3 model their third-order spring nonlinearities. Through electrostatic analyses, approximate expressions for k e1 and k e3 can be derived as [15] ,
Spring softening is observed when k e3 > k m3 (i.e., when the third-order coefficient in (26) is negative), which is the case here, since the electrode-to-resonator gaps d o are quite small for the resonators of this work. Interestingly, the 1/f 3 phase noise component seems to be observed only when the µresonator amplitude exceeds the critical point in its spring softening Duffing curve [13] . Figure  14 and 15 present frequency responses measured with increasing drive voltages for a CC-beam micromechanical resonator with V P =12V and 5.5V, respectively. With V P =12V in Fig. 14, Duffing appears for drive voltage amplitudes V i over the critical value (V critical =19 mV). For a smaller V P (=5.5V), the critical drive voltage (V critical =122mV) increases, since k e3 (as defined by (27)) is smaller.
At present, a concrete link between spring-softened Duffing behavior and 1/f 3 phase noise has not been established. However, mechanisms based on a link between these phenomena are plausible, for example, where the resonance frequency of a micromechanical resonator shifts between multiple permissible values near the critical point, generating oscillation frequency instability that might go as 1/f 3 . It is also not unreasonable to postulate that Duffing nonlinearity may also even be responsible for limiting the oscillation amplitude of non-ALC'ed micromechanical resonator oscillators [15] . These hypotheses, however, are as yet unproven, and work continues to establish the actual mechanisms behind the generation of 1/f 3 phase noise in non-ALC'ed micromechanical resonator oscillators.
VII. CONCLUSIONS
Clear differences in the phase noise performance of a 10 MHz MEMS-based micromechanical resonator oscillator have been measured using sustaining circuits with and without automatic-level control, and with two different mechanisms for ALC: one that controls the overall loop gain by adjusting the dc-bias applied to the resonator structure; and another that does so by adjusting the gain of the sustaining amplifier. Low output power oscillators referenced to high-Q clampedclamped beam µmechanical resonators exhibit an unexpected 1/f 3 phase noise component without ALC, a 1/f 5 phase noise component when an ALC circuit based on resonator dc-bias adjustment is used, and finally, removal of these components when an ALC circuit based on sustaining amplifier gain control is used, in which case the expected 1/f 2 phase noise component is all that remains close to the carrier.
Although mechanisms based on resonator transducer nonlinearity have been proposed, a mechanism behind the generation of 1/f 3 phase noise in non-ALC'ed micromechanical resonator oscillators is still not established. Interestingly, the 1/f 3 phase noise component seems to be observed only when the resonator amplitude exceeds the critical point in its spring softening Duffing curve, suggesting a Duffing nonlinearityrelated noise generation mechanism. Work to isolate the cause of 1/f 3 phase noise in non-ALC'ed oscillators continues. Whichever the mechanism, the removal by this work of the 1/ f 3 phase noise that plagued previous oscillators now makes the use of on-chip vibrating µmechanical resonator technology for frequency references much more plausible 
